Endogenous formaldehyde in aquatic products is a hot research topic, as it is an urgent problem to be solved. This paper summarized the advance in background concentration, generation mechanism and detection methods of endogenous formaldehyde in aquatic products, and the work in the future was prospected.
Introduction
Recently, people are paying more attention to formaldehyde (FA) in aquatic products. FA as a mutagenic and carcinogenic volatile toxic aldehyde [1] , even less dose of FA can cause pain, vomiting, lethargy and coma, large amounts can lead to death [2] . FA is easy to react with nucleophilic material, causing DNA damage [3] . Studies have shown that parts of the Alzheimer's disease are also associated with the intake of FA [4] . As a serious threat to human health, FA ranked second on the priority control list of toxic chemicals in China [5] . In 2004, FA was categorized in Group I as "carcinogenic to humans" by the International Agency for Research on Cancer (IARC) [6] . The United States Environmental Protection Agency recommended daily intake of FA as no more than 0.2 mg/kg of the body weight while WHO set it as 0.15 mg/kg of the body weight. In 1985, Italian health departments set limit of FA in cod and shellfish aquatic products respectively 60 mg/kg and 10 mg/kg [7] , while Chinese ministry of agriculture, set it to 10 mg/kg in aquatic products since 2002 [8] . There are two ways resulting in high levels of FA, one is the artificial added, the other one is that aquatic products produce FA during frozen storage or processing. The endogenous FA is the main source of FA in aquatic products.
The Background Concentration of Endogenous FA in Aquatic Products
In the 1960s, when scholars started to study the formation of FA in marine fish and crustacean shellfish, they detected endogenous FA in the course of freeze storage and processing of the fresh marine fish without subjected to artificial factor. Studies showed that trimethylamine (TMA), dimethylamine (DMA) and FA concentrated in the freezing process of some aquatic products such as the squid [9] [10]. F. Bianchi et al. researched levels of FA in 12 species (sea-fish, freshwater-fish and crustaceans), the results showed that FA content was variable, fishes belonging to the Gadidae family were the samples with the highest FA concentration [11] . Duan et al. successively determined the background value of FA in 699 fresh aquatic samples of 37 species which included 19 kinds of marine fishes, 9 kinds of crustaceans, 5 kinds of shellfish and 4 kinds of cephalopods. All samples revealed various levels of FA, especially the bummalo, gadus, loligochinensis, portunid had higher background values of FA. FA content in aquatic products was significantly different, the FA content of marine fishes was the highest, the cephalopods was higher, the crustaceans and shellfish was the lowest [12] . Yeh et al. compared the FA content in squid with the results from previous studies, the concentration of FA in squid was from 0. 26 -19 .7 mg/kg [24] .
Generation Mechanism of Endogenous FA in Aquatic Products
In recent years, both domestic and foreign scholars have suggested that animals could produce FA itself, as a kind of animal metabolites in the body, it had vital significance for some amino acid biosynthesis. According to the existing research results, it is generally believed that FA in aquatic products is produced by enzymatic pathway and thermal processing. Trimethylamine oxide (TMAO) widely exists in aquatic products, TMAO could resolve into DMA, TMA and FA under enzymolysis condition of trimethylaminek-N-oxide (TMAOase) [13] . Besides the enzymatic pathway, FA is steadily accumulated during the thermal processing [14] [15] .
TMAO resolves under the action of bacteria (alteromonastetrodonis, putrefaciens) in fresh marine fish, but bacterial action is suppressed in frozen state. As aquatic products are usually stored in frozen state, the low temperature inhibits the growth of microorganisms in the process of storage, thus the effect of microorganisms to FA is small, the enzyme becomes the main influencing factor, and TMAOase is one of the main enzymes. TMAOase activity is present in a number of marine fishes. It is widely different between species, and even in the same fish, enzyme levels are different in organs and tissues. The TMAOase activity in white muscle is more than red muscle. TMAOase has particularly high level in cod, certain content in sepiidae and shellfish, barely level in freshwater fish. It is present higher in visceral organs (kidney, spleen, liver and pyloric caecum) than in tissue. M. Rey-Mansilla studied influence of biological condition and season on TMAOase activity. They found a correlation between TMAOase activity of kidney and season : during winter and spring (February to May), the months matching the spawning peak, high activities were detected, while in summer months the activity level was lower [16] .
In addition, as early as 1979, Spinelli has found that the FA was produced by some non-enzyme pathway, especially by the high temperature heating [17] . Lin et al. reported that FA, TMA and DMA contents were very high in five different types of dried squid, 90% of the TMAO was converted to DMA and TMA after heating at 200˚C for 1 h [18] . Zhu et al. investigated the effects of various thermal processing and various chemical substances on the conversion of TMAO to FA and DMA in squid. The result showed that high temperature processing promoted the conversion of TMAO to FA, and FA content increased with the temperature. A pH of about 6 -7 accelerated the degradation of TMAO to FA, as well as Fe 2+ alone or Fe 2+ combined with cysteine and ascorbate promoted the formation of FA [19] . Spinelli et al. reported the Cys with Fe 2+ or hemoglobin could also catalyze decomposition of TMAO to FA and DMA [20] . Ferris et al. proved the free radical was involved in the decomposition reaction by butadiene rounded up experiments [21] . Scholars used electron spin resonance (ESR) [22] evaluated different additives (tea polyphenols, calcium chloride, citricacid, trisodium citrate and resveratrol) on the decomposition of TMAO to FA by observing free radical signals, the result suggested that those additives decreased the concentration of FA, and scavenged the free radicals in the squid extract.
Detection Methods
Iben Ellegaad reported that FA present three states in aquatic products according to different combinations of FA with protein: one is free state, the other one is free and reversibly bound state which is available only through steam distillation under the sulfuric acid or phosphoric acid solution (1% -40%), the third one is irreversible combined state [23] .
Detection methods of FA include spectrophotometry, chromatography, fluorescence method, colorimetry and electrochemical method. These determination methods have their own advantages and disadvantages, generally spectrophotometry and chromatography are used more. Spectrophotometric method includes acetyl acetone me-thod, phloroglucinol method, phenylhydrazine hydrochloride method, chromotropic acid method, magenta-sulphurous acid method, chromatography can be divided into gas chromatograph (GC) or gas chromatography mass spectrometer (GC-MS), high performance liquid chromatography (HPLC), ion chromatography (IC), thinlayer chromatography (TLC), etc.
Principle of spectrophotometry is to make FA react with a compound, and then detect the reaction product with a color under the specific wavelength; acetyl acetone method is the most common method in spectrophotometry. People constantly improve spectrophotometric method, through the combination of advanced technology, improve its accuracy, sensitivity, make it more convenient, fast, safe, and practical [24] [25] . Such as Rozidaini used natural compound (onion juice), as a novel environmental-friendly chromogenic agent to detect the concentration of FA in aquatic products. The optimum response was obtained by heating the onion juice at 60˚C, pH 4.9, reaction temperature of 103˚C and reaction time of 17 min. The method has a linear range of 0.5 to 15 mg/L at 514 nm wavelength. This study demonstrates the potential application of onion juice as a simple, safe and environmental-friendly technique for determination of FA [26] .
Principle of chromatography is to analysis the reaction product of derivatization reagent and FA by GC or HPLC, which are extracted by organic solvent. F. Bianchie valuated FA in fish products using a solid phase microextraction (SPME)-GC-MS method based on fiber derivatization with pentafluorobenzyl-hydroxyl-amine hydrochloride. Limit of detection (LOD) and limit of quantitation (LOQ) were calculated respectively with values of 17 and 28 µg/kg. This method had good efficiency recovery of 94.8% ± 1.7% (n = 3), and CV% values of repeatability and between-day precision were lower than 3.2% and 9.7% [11] .Ma et al. determined trace volatile FA in aquatic products by aMoO 3 /polypyrrole intercalative sampling adsorbent with thermal desorption GC-MS. FA concentration in aquatic products could be quantified from 0.43mg/kg to 6.6 mg/kg in all four aquatic products including fresh squid, fresh shrimp, dry squid, and dry shrimp. A good linear range was found in a concentration range from 0.02 to 20.35 µg/L. The detection limit was achieved as 0.004 µg/L by this method. Good recoveries for spiked aquatic products were achieved in range of 75.0% -108% with relative standard deviations of 1.2% -9.0% [27] .
Li et al. developed a HPLC method in order to investigate content of FA in squid and squid products. Based on steam distillation and 2,4-dinitrophenylhydrazine (DNPH) derivatization, formaldehyde was analysis by HPLC using ODS-C18 column at UV detector (355 nm). Detection limit was 8.92 μg/L in standard solution and 0.18 mg/kg in sample, and recovery was 83.09% -103.20% [28] . Chen et al. adopted HPLC method to detect FA based on microwave-assisted extraction (MAE) coupled online with derivatization, restricted access material (RAM) cleanup. Only small molecules are able to penetrate into the pores of RAM and interact with a stationary phase bonded on their innersurface, while large molecules are eluted with the washing solvent. The LOD was 0.27 mg/kg. The intraday and interday precisions expressed as RSDs were 3.5% and 5.0%, respectively. The recoveries obtained by analyzing 11 spiked aquatic products were in the range of 70.0% -105.0%. Online MAE and RAM techniques were demonstrated to be rapid with little consumption of samples and reagents [29] .
Research Prospect
Although there were many results of endogenous FA in domestic and abroad, some basic and key issues need further research and breakthrough. Firstly, more studies of background FA content in aquatic products should be added, because the recent study is scattered and dispersed, not considering the influence of storage time and temperature. Because of lack of a scientific and reasonable evaluation system of background content in endogenous FA, it does not play a practical role in the monitoring of FA content. Secondly, the causes of endogenous FA in aquatic products are unclear, the respective role of the enzymatic pathway and the thermal processing in different aquatic products is ambiguous. People are paying more attention to the development of vitro simulation system in the thermal processing and few researches on thermal processing in organism. Thirdly, each detection method of FA cut both ways, spectrophotometry has some advantages of simple equipment, low cost and fast operation, and disadvantages of poor accuracy, worse sensitivity, and easily influenced by complex food matrix. Chromatography with high sensitivity, stable derivatives, strong existence against interference, high recovery rate, convenient and rapid operation is widely used for detecting FA in aquatic products, however, it demands higher on equipment, long time on derivatization, cumbersome process in extraction, which makes it hard to meet the market demand. Therefore to establish a simple, rapid and sensitive examination method of FA is timely and necessary.
